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First-principles study of the effect of Fe impurities in MgO at geophysically relevant pressures
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The self-interaction corrected local spin density (SIC-LSD) formalism and the standard GGA treatment of
the exchange-correlation energy have been applied to study the collapse of the magnetic moment of Fe impu-
rities in MgO. The system Mg1−xFexO is believed to be the second most abundant mineral in the Earth’s lower
mantle. We confirm the experimentally found increase of the critical pressure upon iron concentration. Our
calculations using standard GGA for a fixed Fe concentration show that different arrangements of Fe atoms can
remarkably shift the transition pressure of the high spin (HS) to low spin (LS) transition. This could explain the
experimentally found broad transition regions. Our results indicate that the HS-LS transition in Mg1−xFexO is
first order. We find that SIC-LSD fails to predict the divalent Fe configuration as the lowest energy configuration
and discuss possible reasons for it.
PACS numbers: 71.27.+a, 71.15.Mb
I. INTRODUCTION
The high spin (HS) to low spin (LS) transitions in
magnesiowu¨stite, Mg1−xFexO, and wu¨stite, Fe1−xO, are of
great geophysical importance. Magnesiowu¨stite is believed
to be the second most abundant mineral in the Earth’s
mantle.1,2 While MgO was thoroughly studied both in the-
ory and experiment3,4,5,6,7,8,9,10,11,12,13,14,15,16 at high pressures,
few theoretical studies exist for Mg1−xFexO mainly because
of the difficulty to treat the effects of strong correlation
for the Fe-3d orbitals.17,18,19 The magnetic phase transition
could strongly influence the partition coefficient of Fe be-
tween MgO and MgSiO3 perovskite and postperovskite,20
dramatically change radiative conductivities,21 and lead to
a hardening of the materials.22 However, magnesiowu¨stite
Mg1−xFexO and wu¨stite Fe1−xO have been studied in nu-
merous experimental papers.20,23,24,25,26,27,28 The main prob-
lem has been, that wu¨stite exists only as a non-stoichiometric
compound.19,29,30,31,32 There is a general consensus that its
rocksalt-type structure contains a fully occupied O2− sublat-
tice, while Fe exists predominantly in the form of Fe2+, with
some Fe3+, as well as vacancies and interstitials, exhibiting a
short range order. The resulting clusters arrange with a long
range order, which – depending on the density of interstitials
– can be commensurate or incommensurate.25,26,27,28
For Fe1−xO Jacobsen et al.33 reported a transition from a
cubic to a rhombohedral phase at a pressure between 22.8 GPa
and 27.7 GPa at room temperature. At low temperatures, on
the other hand, Struzhkin et al.34 found a phase transition from
a cubic to a rhombohedral structure with a Ne´el-temperature
of TN = 198 K at ambient pressure. At ambient temperature
this transition is shifted to a pressure of 15 GPa.
At pressures of 85 to 143 GPa a magnetic high-spin to low-
spin transition was observed in several experiments.19,32,35
Some studies find a broad transition region,35 while in others32
the transition is first order. Differential stress might have
smeared out the phase transition over a broad region in some
studies or small compositional differences within the sample
could have changed the transition behavior.
Recent developments in high pressure physics allowed to
investigate the LS-HS transition in magnesiowu¨stite. Badro
et al.20 and Lin et al.24 could prove what was suggested a
long time before:2 the complete electronic rearrangement of
Fe in Mg1−xFexO under pressure, while the NaCl-type struc-
ture remains stable across the phase transition. The transition
pressures are in reasonable agreement (49 to 75 GPa for x =
0.15,20 50 to 60 GPa for x = 0.2524). The transition is linked
to a hardening of the materials and a decrease of the molar
volume (across the phase transition: V0LS/V0HS = 0.904, bulk
modulus: KHS0T = 160.7 GPa, K
LS
0T = 250 GPa
24).
In another study the HS-LS transition in Mg1−xFexO was
studied for different iron concentrations (x = 0.2, 0.5 and
0.8).36 The transition pressure turns out to depend linearly on
the Fe concentration and is 40, 60 and 80 GPa, respectively.
For Fe0.97O the transition pressure is shifted to 90 GPa. At
high Fe concentration (x = 17%) Badro et al.37 in an X-ray
emission study find that the HS state is stable up to 143 GPa,
whereas Pasternak et al.35 conjecture from Mo¨ssbauer spec-
troscopy a strong temperature dependence of the transition
pressure. They found the transition to be completed only at
120 GPa (Fe0.940) at 450 K.
In the present paper we study the effect of Fe impuri-
ties in MgO at geophysically relevant pressures, using self-
interaction corrected local spin density (SIC-LSD) method
which allows to treat the localized d electrons of Fe on equal
footing with the other itinerant electrons. In addition, we use
GGA approach and the VASP code38 to study the influence of
possible Fe impurity clustering in the MgO supercells on the
relevant transition pressures. The aim is to realize different
Fe concentrations in MgO and investigate their effect on the
experimentally observed properties.
The outline of the paper is as follows. In Section II, we
briefly describe the SIC-LSD methodology. Section III con-
centrates on the discussion of the present SIC-LSD and GGA
results, while Section IV concludes the paper.
2II. METHODOLOGY
A. The self-interaction corrected LSD
The standard LSD approximation for the exchange-
correlation energy introduces an unphysical interaction of an
electron with itself, the so-called self-interaction (SI). It is the
aim of the self-interaction corrected local spin density approx-
imation to construct a self-interaction free energy functional
ESIC = ELSD −
∑
α
δSICα , (1)
where α numbers the occupied orbitals and the self-interaction
correction (SIC), δSICα , of the orbital α is
δSICα = U[nα] + ELSDxc [n¯α] . (2)
It is known that the exact exchange-correlation energy
Exc[n¯α], depending on the spin density n¯α, for the case of a
single electron orbital with electron density nα, cancels the
Hartree energy U[nα] identically:
U[nα] + Exc[n¯α] = 0 . (3)
In the case of approximate exchange-correlation energy func-
tionals this cancelation can be guaranteed by Eq. 1.
Varying the above SIC-LSD energy functional with respect
to the orbital spin densities, with the constraint that the φα’s
form a set of orthonormal functions, one gets the SIC-LSD
generalized eigenvalue equations
Hα | φα > =
(
H0σ + VS ICα (r)
)
| φα >=
∑
α′
λαα′ | φα′ >,(4)
with H0σ being the orbital independent LSD Hamiltonian.
The Lagrangian multipliers λαα′ are used to secure the ful-
filment of the orthonormality constraint.
Due to the orbital dependent SIC potential, VS ICα , the SIC
energy functional is not stationary with respect to infinitesi-
mal unitary transformations among the orbitals. The so-called
localization criterion
< φβ | VS ICα − VS ICβ | φα >= 0 ∀(α, β) (5)
has to be fulfilled to ensure that the solutions of the SIC-LSD
equations (4) are most optimally localized to reach the abso-
lute minimum of the SIC-LSD functional (1).
The SIC-LSD approach is fully ab initio and introduces no
adjustable parameters, either for the delocalized (band-like)
or localized electrons. For extended states the SIC vanishes.
The SIC-LSD formalism has the advantage that it allows to
compare different valence states and spin configurations of
the same atom. The nominal valence, Nval, in the SIC-LSD
approach is defined as
Nval = Z − Ncore − NS IC , (6)
TABLE I: The most relevant spin configurations of Fe, labeled HS
and LS according to Ref. 36. Here HS state corresponds to the case
where SIC is applied to all the majority and one minority electrons.
For realizing LS state, SIC is applied to the three majority and three
minority t2g electron states. The HS3 stands for the trivalent Fe con-
figuration, where all the majority d electrons are treated as localized,
by applying SIC. The calculations with applying no SI-corrections
have been labeled lsd. All possible electronic configurations with
five or six SI-corrected orbitals namely trivalent and divalent ions
have been considered in the present study. However, the ones listed
below correspond to the lowest enthalpies. Here 1 means that a given
state has been SI-corrected, and 0 otherwise.
Majority channel Minority channel
t2g t2g eg t2g eg t2g t2g eg t2g eg
HS 1 1 1 1 1 1 0 0 0 0
LS 1 1 0 1 0 1 1 0 1 0
HS3 1 1 1 1 1 0 0 0 0 0
where Z is the atomic number, Ncore is the number of core (and
semicore) states and NS IC is the number of self-interaction
corrected states. The ground state valence is the one de-
fined by the ground state energy. In our application of SIC-
LSD to (Mg,Fe)O all possible electron configurations of the
Fe atom with five and six SI-corrected d orbitals have been
considered.65 The most energetically relevant ones are given
in Table I. The energy functional without any SIC states is
simply equivalent to the standard LSD approximation and la-
belled lsd in the following. Thus LSD is a local minimum
of the SIC-LSD functional, corresponding to the case when
all the electrons are treated as itinerant and described by the
Bloch wave functions. The choice of the SIC orbital config-
uration, i. e. the number and symmetry of localized vs. de-
localized states, can significantly influence the corresponding
total energy. The electronic configuration giving rise to the
most negative total energy, with the most optimally localized
orbitals, defines the absolute energy minimum of the SIC-LSD
energy functional as well as the corresponding valency.
The SIC-LSD approach used in this work has been im-
plemented in the linear muffin-tin orbitals (LMTO) band
structure method with the atomic sphere approximation
(ASA).39,40,41 The slightly overlapping ASA spheres approx-
imate the polyhedral Wigner-Seitz cell and the sum of their
volumes equals to the volume of the actual unit cell. The
ASA does not allow for atomic relaxations, as different ionic
arrangments will lead to different sphere overlaps. In the
LMTO-ASA approach empty spheres (E) can be introduced
in order to increase the space filling and to minimize the over-
lap.
In all the calculations performed with the LMTO-ASA
method we have treated the valence states of the Mg-3s, Mg-
3p, O-2s, O-2p, Fe-3d, Fe-4s, Fe-4p, E-1s as the so-called low
waves, while the Mg-3d, O-3d and E-2p states have been rep-
resented as intermediate waves.42 All the electrons in lower
shells have been put in the core but allowed to relax. The
separation of valence electrons into the low and intermediate
waves has been done for the purpose of reducing the size of
the eigenvalue problem. The secular equation that is fully di-
3agonalized is constituted by the low waves and provides the
eigenvalues and eigenvectors. The intermediate waves enter
the Hamiltonian through their tails, partly retaining their true
characteristics.
For both magnesiowu¨stite and wu¨stite, we have assumed
the ideal rock salt structure. The ASA radii of MgO were
adjusted in order to reproduce the experimental band gaps of
7.83 eV.43 Best agreement was found with radii of 1.34646 Å,
1.05313 Å, 0.751847 Å for Mg, O and the interstitial spheres
E, with the resulting LDA band gap of 4.7 eV. The total vol-
ume of the spheres was equal to the volume of the cell for all
the SIC calculations while the ratios of the ASA radii were
kept constant. The ASA radius of Fe was equal to the one of
Mg.
To realize different concentrations of Fe impurities in the
systems studied, three supercells have been used, namely con-
sisting of four, eight and 32 formula units of MgO. By sub-
stituting up to four Mg atoms by Fe atoms one could real-
ize Fe concentrations (x = nFe
ncations
) of 3.125%, 12.5%, 25%,
50% and 100%. For Fe concentrations of 3.125%, 12.5%,
25%, we have chosen the smallest possible supercell of the
ideal FCC/NaCl, namely replacing one Mg atom by one Fe
atom respectively in the supercells consisting of 32, eight and
four formula units. The concentrations of 50% and 100%
have been realized using a supercell of eight atoms in to-
tal and replacing respectively two and four Mg atoms by Fe
atoms. Consequently, both ferromagnetic (FM) and antiferro-
magnetic (AFM) orders as well as charge disproportionation
could be studied. This corresponds to an Fe arrangement with
maximal distances between the Fe atoms and would provide
the lowest transition pressures. Regarding the AFM structure,
the chosen supercells allowed to realize only the so-called
AF1 order where the magnetic spins are arranged in parallel
in the (001) planes, but are anti-aligned between the planes.
The number of k-points has been chosen inversely propor-
tional to the size of the supercell (eight, 16, 64 atoms) and
was 16 × 16 × 16, 8 × 8 × 8 and 4 × 4 × 4, respectively. This
gives energy differences precise to within 1.7×10−6 eV/atom
(1.25×10−7 Ryd/atom).
B. Pressure determination
The pressures and enthalpies, of relevance to the present
study, can be determined from the LMTO-ASA total energy,
E, vs. volume, V, calculations through invoking the equa-
tion of state (EOS) and fitting to a number of calculated data
points.66 Specifically, the third-order Birch Murnaghan EOS
has been used,44,45 namely
E(x) = E0 +9B0 V016
(
B′(x2/3 − 1)3
+(x2/3 − 1)2 × (6 − 4x2/3)
)
, (7)
P(x) = 3B0
2
(
x7/3 − x5/3
)
×
(
1 + 3
4
(B′ − 4) × (x2/3 − 1)
)
, (8)
x =
V0
V , (9)
allowing to compute the enthalpy H at any volume as H(V) =
E(V)−P(V) V , with P denoting the pressure. In the above, V0
stands for the equilibrium volume, B0 for the bulk modulus
and B′ for its first pressure derivative.
The calculation of enthalpy differences, ∆H(P), can be ac-
complished through the numerical inversion of the pressure in
Eq. 8. This allows to compare enthalpies of two spin configu-
rations labelled s and s′ at a given pressure:
∆H(s,s
′) = H s(V s) − H s′(V s′) . (10)
To determine the theoretical equilibrium volumes and total
energies for all the studied scenarios, the lattice parameters
have been sampled in the range from - 10% up to + 16% (rel-
ative to the zero-pressure value) in steps of 2%. The resulting
volume increase or decrease of -33.1% to 40.7% typically cor-
responds to a pressure range of -20 GPa to 285 GPa.67
III. RESULTS AND DISCUSSION
A. (Mg,Fe)O in the SIC-LSD framework
In the application of SIC-LSD to Fe-doped MgO, we have
studied 29 different localization-delocalization scenarios for
three different supercells, various Fe concentrations, and sym-
metries of localized Fe d states. Among all the cases we have
identified four energetically relevant configurations, namely
the three SIC configurations listed in Table I as well as the
LSD solution. This finding has been independent of the actual
Fe concentration. The HS configuration is the high-spin diva-
lent scenario, where all majority Fe d states and one minority
Fe t2g state are treated as localized through invoking SIC, giv-
ing rise to an insulating state. The HS3, trivalent, configura-
tion corresponds to the scenario where only the majority Fe d
states are corrected for the self-interaction, and thus localized,
constituting a half-metallic state. The LS state corresponds
to the case where both majority and minority Fe t2g states are
localized by SIC. This naturally leads to a non-magnetic and
insulating configuration.
From the enthalpy calculations we find, in disagreement
with experimental evidence, that the HS3 and LSD solutions
are energetically most favorable, respectively at the low and
high pressure regions. This can be seen in Fig. 1(a), where
the enthalpy differences, with respect to the HS3 configura-
tion, are plotted as a function of pressure for all the relevant
4scenarios and Fe concentration of 3.125%. The trivalent HS3
state constitutes the ground state solution for all the pressures
up to about 140 GPa. However, at very low pressures the diva-
lent HS state lies very close in energy to the HS3 state and the
enthalpy difference, at 0 GPa and 3.125% Fe concentration, is
HHS − HHS3 =0.05 eV. Note that at this Fe concentration the
total energies of the HS and HS3 configurations, evaluated at
their respective theoretical volumes, are fully degenerate.
The nominal valence of the HS3 state, being 3+, is at odds
with the experimental findings, where Fe appears clearly as
Fe2+ in (Mg,Fe)O (see e.g. Ref. 20) or with a small ratio of
additional Fe3+ in FexO (see e.g. Ref. 32). Note, however,
that the nominal valence defined in SIC-LSD not always cor-
responds to the chemical valence. Although the nominal va-
lences of the trivalent and divalent states differ by one (namely
3+ vs. 2+), in terms of a simple charge counting or charge
disproportionation, the two ions, corresponding respectively
to the HS3 and HS configurations, differ only by up to 0.1
electron. Similar observation was made by Szotek et al.46 for
magnetite. Despite the latter, it is still surprising to find the
trivalent, instead of the divalent, Fe-state as the lowest en-
ergy configuration, in particular for FexO (with x=1). This is
in variance to the SIC-LSD results obtained for all the other
transition metal monoxides, namely MnO, CoO and NiO.47,48
It is possible that the failure of SIC-LSD to find the divalent
ground state in FeO has its origin in the fact that LSD sub-
stantially overestimates the exchange splitting for the systems
in question. Consequently, the energy gained on localizing an
additional electron to create a divalent Fe ion is not sufficient
to overcome that exchange splitting. However, since FeO does
not occur in a stoichiometric form, but as Fe1−xO, and exper-
iments indicate existence of both divalent and trivalent ions,
one would need to perform more realistic calculations to es-
tablish the importance of the off-stoichiometry and valence
fluctuations for obtaining the divalent ground state in FeO.
At high pressures, it is the experimentally indicated36 LS
configuration that is relevant, with its nominal valence of 2+
in agreement with the experimentally found Fe2+ in wu¨stite
and magnesiowu¨stite. The LS configuration competes with
the LSD description of the Fe-3d states, as seen through the
corresponding enthalpy difference which at 0 GPa and 3.125%
Fe concentration is Hlsd − HLS =0.7 eV (see Fig. 1), in favour
of the LS state, while the LSD becomes energetically more fa-
vorable for pressures in the excess of 140 GPa. At such high
pressures the gain in band formation energy on delocalization
of all the Fe d electrons clearly wins with the localization en-
ergy of those electrons. Since the magnitude of SIC is strongly
dependent on the orbitals, one needs to be guided by energet-
ics in defining the ground state energy and configuration.
Introducing several Fe impurities into a supercell
(Mg2Fe2O4 and Fe4O4) opens a possibility of realizing
both parallel (labelled [f], ferromagnetic) and antiparallel
(labelled [a], antiferromagnetic≡AF1) arrangements of the
spin magnetic moments on those Fe atoms. In Fig. 1(b), the
enthalpy differences are plotted for the above mentioned con-
figurations, and both parallel and antiparallel arrangements
of spins on the Fe atoms in the relevant supercell with 50%
Fe concentration. For the HS configuration the [f] and [a]
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FIG. 1: Enthalpy differences at different Fe concentration x. (a)
x = 3.125%. The HS3 configuration appears to be energetically most
favorable up to a pressure of 145 GPa, where a phase transition is
predicted to the state where all the Fe-3d delocalize (lsd). The com-
monly assumed HS configuration is less energetically favourable,
and at the pressure of 90 GPa the electrons completely rearrange to
the non-polarized configuration LS, although the localization of the
electrons is not lost. (b) x = 50%. Two Fe atoms were introduced
into a cell containing 8 atoms in total (two Mg, two Fe, four O). Par-
allel and antiparallel alignments of the spin moments is denoted in
brackets [f] and [a], respectively. More than 10 different arrange-
ments with asymmetric charge configurations on the Fe atoms were
also tried out, but resulted in high enthalpies. They are omitted in the
plot for more clear readability.
arrangments return the same energies while for HS3 the [f]
arrangement appears always lower in energy (∆E =0.5 eV
for Mg0.5Fe0.5O and ∆E =1.5 eV FeO68) than the antiparallel
alignment.
Finally, we consider the dependence of the HS-LS transi-
tion pressure on the concentration of the Fe impurities in a
supercell. As can be seen in Fig. 2, our study predicts an
increase of this transition pressure with rising Fe concentra-
tion. However, the absolute transition pressures for isostruc-
tural phase transitions, as calculated in this SIC-LSD study,
are higher than the experimental values.49 Two possible sce-
narios can operate at any Fe concentration: a possible transi-
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1-x       x
FIG. 2: Mg1−xFexO: Experimental and theoretical transition pres-
sures. Squares () - SIC-LSD calculations, scenario HS3-lsd (elec-
tronic configuration HS3 at low pressures, no SI-corrections at
high pressure); bullets () - SIC-LSD calculations scenario HS-
LS (electronic configuration HS at low pressures, configuration
LS at high pressure); lozenges () - GGA-PAW calculations (low
concentrations); stars (⋆) - LDA+U calculations [50]; triangles
(N) - Mo¨ssbauer spectroscopy, [36]; arrow (l) - Mo¨ssbauer spec-
troscopy [35]; circle () - X-ray diffraction [32].
tion from HS3 to lsd or from HS to LS. The second one occurs
at considerably lower pressures than the first one, and is the
relevant one for comparison with experiments, although lead-
ing to a phase diagram in rather poor agreement with experi-
ment. The latter implies the existence of Fe2+, and a low pres-
sure structure with one minority Fe t2g state and five majority
d states.36 One might envisage that the HS state could possibly
become favourable if in the SIC-LSD calculations the ionic re-
laxations had been applied. It is obvious that ASA error can
substantially affect total energies, although one would like to
hope that these errors would be less severe when considering
only the energy differences between different configurations.
Also, across the phase transition Fe is known to reduce its
ionic radius and therefore the ionic relaxations could signifi-
cantly reduce the enthalpies of the LS structures which in turn
could further decrease the transition pressure.69
B. Density of states from SIC-LSD
In Fig. 3, we present the densities of states (DOS) calcu-
lated for all the energetically relevant scenarios and the Fe im-
purity concentration of 12.5%. As can be seen in the figure, at
this intermediate concentration the localized Fe-3d states form
narrow bands. At higher concentrations of Fe impurities these
bands extend over a considerable energy range, e.g. 3-5 eV at
25% of Fe. For the HS and HS3 configurations, the occupied
Fe 3d band states lie below the predominantly O 2p valence
band. As mentioned earlier, the SI corrections for the HS and
HS3 configurations differ by one localized electron more in
the former, which is reflected in the presented DOS (see Figs.
3(a) and 3(b)). The difference is that the first isolated, minor-
ity Fe t2g band, lying just below the valence band, is moved
above the valence band, coinciding with the Fermi level (see
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FIG. 3: (a) Spin-resolved density of states (DOS) for HS state as cal-
culated from SIC-LSD at a pressure of 2 GPa and Fe concentration
of 12.5%. (b) Spin-resolved density of states for the HS3 state as
calculated from SIC-LSD at a pressure of 2 GPa and Fe concentra-
tion of 12.5%. (c) Spin-resolved density of states for the LS state
calculated at a pressure of 124 GPa and Fe concentration of 12.5%.
(d) Spin-resolved density of states calculated with the standard LSD
approximation at 102 GPa and Fe concentration of 12.5%. In all the
cases the Fe DOS states is in red, while the total DOS is in black and
the O 2p DOS in green.
Fig. 3(b)). While for the HS configuration SIC-LSD deliv-
ers, in agreement with with experiment and other theoretical
considerations,51,52,53 an insulator of charge transfer character,
the HS3 configuration gives rise to a half-metal, with a large
band gap in the majority band, and a metallic behavior in the
spin-down channel, with a partially occupied minority Fe d
6band at the Fermi level.
At high pressures the LS and LSD configurations are of rel-
evance. The DOS of the LS is shown in Fig. 3(c). It is charac-
terized by hybridized Fe-3d electrons with the predominantly
O 2p valence band, and a large band gap to the Fe d conduc-
tion band. The lsd DOS shows a substantially reduced band
gap, which is between the occupied and unoccupied Fe im-
purity d bands. So, while the SIC-LSD LS state is a charge
transfer insulator, the LSD gives rise to a Mott-Hubbard insu-
lator (see Fig. 3(d)).
C. GGA-PAW calculations, Fe clustering
So far we have concentrated mostly on the correlated na-
ture of Fe d electrons in describing electronic properties of
doped MgO within SIC-LSD approach. Here we consider
an importance of a possible Fe impurity clustering. To study
this, we have performed a number of independent calculations
for low Fe concentrations in Mg1−xFexO, using the standard
GGA approximation54 and the Vienna Ab-Initio Simulation
Package (VASP)38. The latter provides the standard projec-
tor augmented wave potentials for Mg, Fe and O with core
configurations 2p63s2 (Mg), 3p63d74s1 (Fe) and 2s22p4 (O).55
In the actual calculations the electronic optimization has been
run with a self-consistency threshold of 10−9 eV, ionic op-
timization has been done with a threshold of 10−6 eV. The
4 × 4 × 4-Monkhorst-Pack scheme has been applied for the
k-point sampling, producing four irreducible k-points.56 The
energy cut-off of the plane wave basis set has been equal to
700 eV. In order to speed up the evaluation of the non-local
part of the potentials real space projections have been used.
A second order Methfessel-Paxton smearing has been used
(σ=0.04 eV), introducing an error in electronic entropy, T S el,
of at most 0.111 meV/atom.57 The accuracy of the energy dif-
ferences between the HS and the LS state has been converged
to 1.3 × 10−6 eV/atom. Note, however, that within the GGA
implementation all the electrons are treated on equal footing
as delocalized, with the HS state being described as a ferro-
magnetic state, whilst the LS state as a non-magnetic state.
Thus the two are not directly comparable to the HS and LS
states calculated within SIC-LSD, as the concept of divalent
and trivalent ions cannot be clearly defined within GGA.
To investigate the effects of Fe clusters, supercells contain-
ing 64 atoms have been set up, including one and four Fe im-
purities (xFe = 3.125 %, xFe =12.5 %). In the latter case,
30 distinct arrangements of Fe atoms exist.70 We have used
the most extreme cases, where the Fe atoms form a tetrago-
nal cluster with an Fe-Fe distance of ≃ 2.69 Å and where
they avoid each other at a maximal distance of ≃ 5.37 Å (at
100 GPa). The resulting three clusters (one Fe atom, four Fe
atoms at minimum distance, four Fe atoms at maximum dis-
tance) have been explored performing spin-polarized and non-
spin-polarized GGA calculations (in the former case, a start-
ing magnetic moment of 4 µB has been assigned to each Fe
atom). In the spin-polarized case the Vosko-Wilk-Nusair in-
terpolation for the correlation part of the exchange-correlation
functional has been used,58. The lowest energy structure has
been found by comparing the enthalpies of all the different
structures.
The GGA-PAW calculations in the 64 atomic supercell
find HS-LS transition pressures of 26 GPa (x = 3.125 %),
30.3 GPa (x = 12.5 %, diluted configuration of Fe), and
63.4 GPa (x = 12.5 %, clustered configuration of Fe), as
calculated from the intersection of the enthalpy curves of
the ferromagnetic and non-magnetic results. The lowest en-
thalpy structures always give a total magnetization of either
µ = 0.0µB (non-magnetic) or µ = 4.0µB (ferromagnetic). Ar-
rangements of Fe atoms with an intermediate spin magnetic
moment have been found in some cases (e.g. µ = 3µB in
the case of Fe clusters between 90 GPa and 185 GPa). How-
ever they always turn out to be unstable because energetically
lower lying cluster configurations exist.
The transition pressure turns out to increase with the Fe
concentration. The two studied concentrations (x = 3.125%
and x = 12.5%) allow to determine the linear dependence of
the transition pressure as
Pcr = 24.6 + 0.45 x . (11)
The relatively small difference to the experimental value of
Pcr = 28+0.63 x can be explained, if it is assumed that the sta-
tistical distribution of the Fe atoms in the experimental sample
will not be perfectly diluted, but in some cases result in having
Fe atoms at smaller distances (which dramatically raises the
critical pressure). However, this can also explain the broad-
ness of the experimentally found transition pressure: depend-
ing on the local Fe configuration the spin magnetic moments
collapse at different pressures.
Figure 4 indicates that at low pressures (where only the HS
arrangments are of interest) the Fe atoms prefer to form clus-
ters, while at high pressures (where only the LS arrangments
are of interest) the Fe atoms prefer a diluted configuration.
Upon pressure release at the pressure of about 60 GPa the LS
diluted arrangement and the HS clustered arrangement coin-
cide. The different Fe arrangments in the high pressure and
low pressure regions might hamper this phase transition. Ex-
perimental HS-LS transition pressures are predicted to depend
on the pressure the sample has been equilibrated at (the equi-
libration could be enhanced through heat, which accelerates
ionic diffusion). If the equilibration is done at high pressure,
upon pressure release the LS configuration would be stable up
to relatively low pressures (≃30 GPa). A sample equilibrated
at low pressure on the other hand would preserve its magneti-
zation up to relatively high pressures (≃60 GPa).
IV. CONCLUSIONS
Our GGA results indicate a first order transition for all the
compositions studied, both for Mg1−xFexO and Fe1−xO, in
good agreement with the notion in Ref. 32 for Fe1−xO. The
electronic rearrangement of the Fe atoms leads to a discon-
tinuity of the first derivative of the enthalpy, i.e. the volume
(see Fig. 4). This affects various physical properties of the HS
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FIG. 4: GGA-PAW calculations, 64 atomic supercell including four Fe atoms: Comparison of the enthalpies of the different Fe and spin
arrangements to the diluted LS setting. In the clustered configuration Fe atoms are at the largest distance possible.
and LS phases, such as the zero pressure bulk modulus and
the ground state volume.
In experiment the HS-LS transition appears to be smeared
out over a large pressure range,20,24,36 which in the case of
Fe1−xO has led to the conjecture that the transition might be
second order.35 We can not support this unless this is a tem-
perature induced smearing which our T = 0 calculations do
not consider. The results for various Fe arrangements, keep-
ing the Fe concentration fixed, indicate that the local arrange-
ment of Fe strongly influences the spin transition pressure
of the Fe atoms. The statistical distribution of the Fe atoms
and the short range defect order can therefore smear out the
transition pressure over a large pressure range. As the HS-
LS transition is isosymmetric, according to Landau theory it
can only be first-order or (above the critical temperature) fully
continuous.59,60
We can confirm the experimentally found trend that the HS-
LS transition pressure increases with increasing Fe concentra-
tion. This might be the result of Fe atoms which — if situated
closely enough — simultaneously optimize their electronic
configurations. These magnetic Fe clusters can not easily be
demagnetized by pressure. The increase of the Fe concen-
tration leads to a statistical increase of short Fe-Fe distances,
which through the described mechanism could in turn lead to
an increase of the critical pressure.
It has been proposed that the HS-LS transition in magne-
siowu¨stite would lead to a discontinuity in the Earth’s lower
mantle.20 Although the transition appears to be first order a
discontinuity seems to be improbable: first the sensitivity of
the transition pressure to the (local) Fe concentration could
smear out the transition over a wide region in depth. Sec-
ond, temperature could further increase this effect and shift
the transition to even higher pressures, barring LS Fe2+ from
the Earth’s interior.18,61
The transition pressures predicted by SIC-LSD appear to be
higher which might be a result of an “overcorrection” of the
energy of the localized states. It has been argued in Ref. 62
that a weighted self-interaction correction would be desirable.
The high transition pressures calculated in this work might
also be due to the fact that the ASA does not allow relaxations
of the atomic spheres, which might be significant in the LS
phase, where the ionic radius of Fe is small. At high pressures
the LSD treatment can lead to low energy structures. This
could justify the treatment of Mg1−xFexO at those pressures
using standard approximations for the exchange-correlation
energy such as the GGA. Apart from this it could also indicate
a second phase transition which involves a full delocalization
of the Fe-3d states. Furthermore all the transitions considered
in this paper involve five or six localized electrons in the high
volume phase and no localized electrons in the low volume
phase. Consideration of valence fluctuations or ‘intermediate’
localization involving four, three, two and one localized states
could plausibly lead to a reduction of the transition pressure.
The SIC-LSD formalism, implemented in the multiple scat-
tering theory, allows to consider static valence and spin fluc-
tuations at finite temperatures, by invoking CPA (coherent po-
tential approximation) and DLM (disordered local moments)
approaches, which was successfully applied to studying phase
diagrams.63,64 This would also be useful for the further theo-
retical investigation of the present geophysically relevant sys-
tems. For the nearest future, it may be instructive to first apply
SIC-LSD in a full potential version in order to allow for ionic
relaxations to study the influence of distortions on the ground
state properties of these systems.
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